Background Three-dimensional (3D) terrestrial laser scanning (TLS) is a valuable method for measuring shapes of objects and for obtaining quantitative measurements. These qualities of the 3D laser scanner have proved to be useful in reconstructive breast surgery. This study investigated various 3D parameters to obtain an optimal objective visualization of the breast after cosmetic augmentation mammaplasty. Methods The objects are represented in a point cloud, which comprises millions of x, y, and z coordinates representing a virtual image. The quantification of 3D points shows changes in height (z coordinate) at any chosen point on the augmented breast (x and y coordinates). To give visual feedback on the change in dimensions, a color elevation scheme was applied on the reconstructed surface of the breast. As a quantifying description, a sagittal B-spline was chosen in a plane through the nipple to obtain the breast shape via the lateral profile. Results Pre-and postoperative clear images were obtained. The color elevation model showed an increased projection and upper pole fullness after augmentation. The B-spline showed the gain in projection in a sagittal plane through the nipple. Conclusions Three-dimensional TLS is capable of objectifying changes in shape after augmentation mammaplasty. This imaging technique represents superior visualization of the breast shape and can serve as a valuable tool to determine the changing dimensions of the breasts after augmentation mammaplasty.
In recent years, terrestrial laser scanning (TLS) has become a standard tool in three-dimensional (3D) shape measuring for a wide variety of objects including construction works, industrial plants, forestry, and buildings [1, 3, 10, 23] . With TLS, it is possible to measure millions of 3D points in a few seconds and to create highly detailed and accurate computer models of a shape. It is a rapidly developing application for obtaining the shape, contour, size, and volume of objects.
The medical field also may benefit from advances in 3D imaging [5, 8, 12, 21] . In plastic surgery, 3D modeling offers unique opportunities in reconstructive breast surgery [9] , providing visual and quantitative assessment of reconstructed breasts [9, 11] . Until recently, no techniques were available to objectify the change in the breasts after cosmetic breast implant surgery.
In our study, we performed intraoperative 3D laser imaging before and directly after implantation to assess the contour, shape, and volume changes of the breast after implantation of silicone gel-filled breast prostheses.
Materials and Methods

Patient
A 31-year-old healthy woman who presented at our department for an augmentation mammaplasty was randomly selected for our study. She had no history of breast surgery. The patient presented with a cup size of 75AA, a body weight of 62 kg, and a height of 169 cm.
Methods
Measurement Setup
In our setup, a FARO HS 880 TLS (Eindhoven, the Netherlands) was used. The scanner is a phase-based system that measures the distance from the scanner to an object surface at a near infrared (NIR) wavelength of 782 nm (Fig. 1) . A phase-based laser scanner relies on a bior triphase modulation of the laser light frequency. For the distance measurement, the phase difference of the modulated wave is taken to calculate the distance between the object and the scanner.
The measurement was performed with a continuous laser beam, which has a continuously changing phase angle to achieve high scanning speeds. The scanning speed is approximately 125,000 points per second. By minimizing the scan angle to 20°, the scanning time was reduced to 20 s [4] . To edit the data, the Cyclone 5.4 software package (Leica Geosystems, Heerbrugg, Switzerland) was used.
Perioperative Procedures
Key anatomic landmarks on the breast were chosen and used as reference points [2, 15, 27] . The scanner was positioned in front of the patient. An adjustable tripod enabled us to get a 90°angle between the longitudinal thoracic axis of the patient in a 45°supine position and the optical center of the laser scanner (Fig. 2) .
After general anesthesia, the first series of thoracic scans were made with the patient in the 45°supine position. Once the patient was positioned horizontally, a dual-plane pocket [25] was created through an inframammary incision. After performance of the augmentation using a style 410 prosthesis with a volume of 290 g (McGhan Style 410; Inamed Aesthetics, Santa Barbara, CA, USA), the patient again was positioned at the 45°angle, and a second series of scans was performed.
Data Processing
In both recordings, the resulting points were in a spherical coordinate system around the optical center of the laser scanner. By using two reference points and a reference plane (the surgery table), the two scans were placed into the same Cartesian coordinate system x-axis (left/right), yaxis (superior/inferior), and z-axis (anteroposterior). This allowed us to compare the two scans. To quantify the gain or loss of distance in the millions of 3D points, we extracted the 50 points that were distributed over the thoracic wall. We compared the changes in height (z coordinate) at any chosen point (x, y coordinate) of the augmented breast with the preoperative breast.
As a visual feedback, an elevation model of both scans was created. This elevation model was made using all points and provided changes in height at a certain position of the breast represented by a color scheme. Each color represented a certain gain or loss in a posteroanterior projection. As a second analysis, we used a sagittal profile at the level of the nipple, a B-spline [22] , which was constructed from the point cloud.
Results
The 3D processing of the scanned patient before and after augmentation presented clear images (Fig. 3) . The quantification of the 3D points shows changes in height (z coordinate) at any chosen point on the augmented breast Fig. 1 Measuring principle of a terrestrial laser scanner. Left: The mirror inside the laser scanner that deflects the laser signal in a certain direction. Right: The measured object on which the signal is reflected. The green arrow is the echo returning to the laser scanner The color scheme elevation model shows the objective visual feedback with the concomitant changes in dimension (Fig. 4 ). An almost flattened appearance before augmentation is seen. An increased projection, with a concentric circular pattern around the areola and upper pole fullness, is seen postoperatively. The B-spline shows the sagittal view of the gain in projection through the nipple (Fig. 5) .
Discussion
Cosmetic breast augmentation using silicone gel-filled breast prostheses currently is a commonly performed plastic surgery procedure [24] . For the past three decades, approximately 1 million U.S. women have received silicone breast implants [26] . In performing augmentation mammaplasty, plastic surgeons need objective tools to measure the postoperative dimensional changes of the breasts.
In a previous study, we showed, with the use of a 3D magnetic resonance imaging (MRI) technique, that the in vitro 3D configuration of the round and anatomically shaped silicone gel-filled breast prostheses will hardly change in vivo after subpectoral augmentation [20] . This offers opportunities for preoperative determination of what prosthesis shape to use in a certain type of breast. However, even if a certain type of prosthesis holds its form after implantation, the question remains what it will contribute to the shape of the breast. To date, no study has been performed to objectify the change in outer shape of the breast after cosmetic breast augmentation mammaplasty. Recently, only standard 2D images were available for obtaining the postoperative shape, offering no possibilities for calculating the exact change in dimensions at any given point of the augmented breast. In general, 3D analysis offers several advantages over other methods of measuring breast shape and volume [6, 7, 9, 13, 15, [16] [17] [18] [19] .
As a new technology, TLS has several advantages over other laser scanners. The TLS, a single handheld portable device, is insensitive to light conditions and skin colors, is not invasive because of the low-output laser light [11] , has a quick measurement time, and is highly accurate.
Only one recording step is needed to capture the breast profile and volume. Subsequently, only a short time is needed to generate a 3D point cloud offering a perfect image of the augmented breasts. With the presented 3D representation, we are able not only to visually assess the size, shape, and contour of the breast, but also to obtain the quantitative shape and contour change of the breast.
Isogai et al. [11] quantitatively analyzed the reconstructed breast with a 3D laser light scanner. Using the Moire pattern analysis, they constructed topographic surface images of the breast. Our color scheme elevation model, however, shows not only the objective visual feedback, but also the concomitant changes in dimension reproducing data (x, y, and z positions) at each point on the surface of the breast.
The noncontact approach was ideal for intraoperative use. No adjustments or compromises to the standard surgery environment were necessary. In an outpatient department setting, it is highly important to ensure exact scanning positions of the patient both pre-and postoperatively. Kovacs et al. [14] used dummy models to optimize the 3D imaging of the breast region with a 3D laser scanner. Our setting was chosen to minimize the changes in the position of the patient and the TLS and thereby to optimize the precision of the measurements.
Although the intraoperative laser scanning was easily performed, we are aware that our study still has its limitations. Our goal is to optimize the outpatient department conditions to be certain of reproducible imaging both preand postoperatively. In scanning 6 weeks postoperatively, the effects of the direct postoperative changes such as skin tension and swelling are reduced to objectify the final results ideally.
Conclusion
In our opinion, 3D TLS can be of great importance in objectifying breast augmentation surgery results. With the 3D coordinate system, it is possible to obtain the postoperative change of dimension at any point on the breast after augmentation. This will enhance postoperative surgery documentation and may contribute to future preoperative planning.
